INTRODUCTION
The lowland dipterocarp forests of South-East Asia are the oldest and most diverse rainforests on Earth. Their antiquity and the favourableness of a permanently humid, equatorial climate with little seasonality has been implicated in the development of such high biological diversity (Whitmore 1984) . Nevertheless, occasional droughts are considered to have a major impact on the ecology of these forests (Whitmore 1984 (Whitmore , 1998 Ashton 1993; Walsh 1996) , especially through increased tree mortality caused by water stress Tyree et al. 1998 ) and largely anthropogenic ¢res (Leighton & Wirawan 1986; Woods 1989) . The response of animal populations, such as the herbivores, pollinators or seed dispersers that are directly dependent on plant resources, to these catastrophic disturbances is hardly known. Although, with increasing isolation of populations into small relic patches of forest, the possibility of a gradual loss of biodiversity and even ecosystem collapse if coevolved interactions disintegrate has been recognized (Whitmore 1998) . Recent predictions of worsening and more frequent drought induced by global warming (Meehl 1997; Guilderson & Schrag 1998; Salafsky 1998; Timmermann et al. 1999) are therefore of serious concern.
The ¢gs (Ficus spp.) are one of the most diverse and ecologically important genera in lowland dipterocarp forests (Corner 1988; Lambert & Marshall 1991) . Figs have a closed urn-shaped in£orescence, or syconium, lined with tiny uniovulate £owers. Species-speci¢c pollinating wasps (Hymenoptera: Agaonidae) enter the syconium through a narrow, bract-covered passage, losing their wings in the process, pollinate the £owers and attempt to oviposit. Ovules that receive a wasp egg form a gall on which the wasp larvae feeds, while others if pollinated develop into a seed in the normal way. Several weeks later adult wasps emerge and mate within the syconium. The wingless males then die, while the females collect pollen and depart in search of receptive syconia. In dioecious ¢gs, trees are either functionally male, and adapted for the production of wasps and pollen, or female and produce seed. Wasps can only reproduce in the male syconia. Female syconia mimic those on male trees so that the wasps enter and pollinate but are unable to oviposit. Hence, they die without reproducing (Galil 1973) . In most species a suite of related non-pollinating wasps, usually detrimental to the ¢g's reproductive success, also raise their o¡spring in the syconia (West & Herre 1994; Kerdelhue & Rasplus 1996b) .
Adult female pollinators have an extremely short life span (approximately one day; Kjellberg et al. 1988; R. D. Harrison, unpublished data) . Thus, within a population of ¢g trees the cycling of the pollinator population from one crop to the next can only be maintained if syconia production is nearly continuous. Consequently, ¢gs are restricted to habitats, or climates, where this is possible. It is also the continuous production of fruit, especially when there is a dearth of other seasonal fruits, that makes ¢gs so valuable to vertebrate seed dispersers (Terborgh 1986; Lambert & Marshall 1991) .
The unprecedented El Ni·o^Southern Oscillation (ENSO) event of 1997^1998 (Webster & Palmer 1997) induced the longest drought on record for north-western Borneo (¢gure 1), considerably more severe than that caused by the 1982^1983 ENSO which previously held this accolade (Leighton & Wirawan 1986; Woods 1989) . Large areas of northern Borneo, including north Sarawak, Brunei, Sabah, and parts of Kalimantan, experienced widespread ¢res and a haze crisis. As in the 1982^1983 ENSO (Leighton & Wirawan 1986; Woods 1989) , drought killed many mature trees (Nakagawa et al. 2000) . Out of 576 individuals in 305 plant families under phenological observation at Lambir Hills National Park (LHNP, 48 20' N, 113850' E, 50^250 m above sea level), only 29 individuals died over a ¢ve-year period between January 1993 and January 1998, mostly from tree falls, but a further 63 died during 1998 (Canopy Biology Program Sarawak; R. D. Harrison, unpublished data). Drought can be presumed to be the main cause as other large-scale factors, such as ¢re, wind throw or insect attack, can be ruled out. On the summit of Mt Kinabalu, the only other site with published observations of the 1998 drought thus far, a very high mortality across all types of vegetation was recorded, again suggesting the impact was more severe than in previous droughts and also demonstrating that it a¡ected a wide geographical area and altitudinal range (Kudo & Kitayama 1999) .
MATERIAL AND METHODS
Observations of ¢g phenology in LHNP started in October 1994, and from March 1997 to October 1998 25 species of dioecious ¢g and 12 species of monoecious ¢g were included in the phenology census (the species identi¢cation followed was from Corner (1965) ). However, for many species the sample sizes were small, often only one or two mature individuals, as re£ected their densities in and around the national park. Censuses were conducted approximately every ten days and at each census the leaf and syconia phenology were recorded. The total number (log scale with three subdivisions) and proportion at each developmental stage (immature, receptive, pollinated, male^fruit (Galil 1973) ) of syconia were assessed. For species with accessible syconia, including one climber (F. punctata) for which ladder systems were used, the crop stage could be assessed directly by sampling and opening or by inspection of the external appearance and evidence such as pollinator wings in the ostiole bracts. For most climbers and hemi-epiphytes with inaccessible syconia the developmental stage was assessed through binoculars, which cannot be considered reliable for short phases such as the receptive and wasp-producing phases, but was su¤cient to recognize immature, mid-to late-stage pollinated and fruit phases.
PROC SUMMARY in SAS (SAS Institute, Inc. 1985 ) was used to generate total numbers of syconia at each crop stage for each species by census. This paper deals only with the impact of the severe drought in 1998 on the ¢g wasp populations.
RESULTS
The number of pollinated syconia is indicative of the presence of adult pollinators at the time of crop receptivity and the population size of wasp larvae developing on the trees (males only for dioecious ¢gs) under observation. Figure 2 shows the number of pollinated syconia on eight selected species of (a) dioecious and (b) monoecious ¢gs from January 1997 to October 1998, when observations ceased. The numbers of pollinated syconia on dioecious ¢gs, though variable in some species and/or sexes re£ecting the initiation of syconia, indicate that the pollinator populations were stable up until the beginning of the drought in January 1998. However, all pollinators of these ¢gs were locally extinct by the end of March 1998, two and a half months after the onset of dry conditions (¢gure 2a). Trees dropped leaves, failed to initiate new syconia, and even pollinated syconia withered. The gap this caused in the availability of receptive syconia was over two months in these species, or approximately twice the total life span of the pollinators. The non-pollinating wasp communities of these ¢gs, some of which can retain For each of the six sites monthly rainfall (millimetres) from July 1997, the start of the ENSO, to June 1998 is compared to the long-term monthly means. The number of days for which the 30-day rolling rainfall totals remained below 100 mm is also given (mean monthly evaporation is ca. 100 mm; Whitmore 1984 ) . From January to March 1998 only 7% of the mean rainfall over the same three months fell at LHNP. Comparison to published accounts of long-term rainfall records from Miri indicate that this was the worst drought since records began or at least in 70 years, and a drought of such severity would be expected less than once in 350 years (Nakagawa et al. 2000; Harrison 2000) .
syconia on the trees in the absence of pollinators, also became extinct at this time.
In seven out of the eight species shown here the pollinators had not recolonized by October 1998, despite the availability of receptive syconia in all species from April 1998 onwards. Although small sample size precludes more detailed comment, none of the other 17 species of dioecious ¢gs under observation bore pollinated syconia after the drought.
By contrast, in the monoecious ¢gs (¢gure 2b), although few individuals bore syconia at the end of March 1998, wasps were immediately available when crops were initiated following the drought and hence crops were pollinated. In one species, F. benjamina, there were low rates of pollination amongst the ¢rst crops produced, but more than 10% of the syconia were always pollinated.
DISCUSSION
These results clearly demonstrate that in the eight species of dioecious ¢gs at LHNP, with stable wasp populations prior to 1998, all pollinators became locally extinct during the severe drought in early 1998, and from the observations of the 17 other species it is probable that their pollinators also became extinct at this time. Furthermore, in only one out of the 25 species of dioecious ¢gs under observation, F. fulva, a very common roadside species, did the pollinators recolonize before October 1998. Though in two other species, F. schwarzii and communication) and Sabah (Mt Kinabalu) (K. Kimura, personal communication), further suggest that pollinator extinctions were widespread, and covered most areas of Borneo a¡ected by the drought. Out of the 40 species of dioecious ¢gs found at LHNP, four species are endemic to northern Borneo, while the ¢gure for the total £ora is thought to be 15 species (Corner 1965) . It is quite possible that the pollinators of some of these species may be completely extinct. As ¢g wasps are species-speci¢c pollinators their extinction ultimately means the extinction of the corresponding ¢g. The extremely high speci¢city of the ¢g^¢g-pollinator interaction makes invasion by the pollinators of other ¢g species seem very unlikely, though it is an intriguing possibility (Kerdelhue & Rasplus 1996a) .
When the ¢g pollinator is not available crops go unpollinated and consequently there is no fruit production. Yet ¢g fruit have often been regarded as keystone resources for vertebrate seed dispersers (Terborgh 1986; Lambert & Marshall 1991) . Although detailed studies of frugivory at dioecious ¢gs are generally lacking, fruit production in many of these ¢gs is continuous within small groups of trees (¢gure 2a) (Corlett 1987 (Corlett , 1993 Harrison et al. 2000; R. D. Harrison, unpublished data) and this, coupled with a general paucity of other fruits in the understorey (Loiselle & Blake 1999) , suggests that they are an important resource for vertebrate seed dispersers. Small fruit bats are known to be largely dependent on dioecious ¢gs (Boon & Corlett 1989; Tan et al. 1998) , and in LHNP evidence of feeding on F. schwarzii by small fruit bats was regularly found; bats were often disturbed when walking around (R. D. Harrison, personal observations). Since the drought, however, they have disappeared from this site and are scarce elsewhere in the park (M. Shanahan, personal communication). These fruit bats are important seed dispersers and ultimately there may be a knock-on e¡ect on other tree species dependent on their services (Boon & Corlett 1989; Tan et al. 1998) .
In an interesting contrast to the dioecious ¢gs, monoecious ¢g-pollinator populations seemed little a¡ected by the drought. Very low densities, and hence small sample sizes, and sporadic crop production make the stability of the pollinator populations before the drought di¤cult to assess, but syconia abortion from a lack of pollination was very rare, and immediately after the 1998 drought pollinators were available for all species that initiated crops.
Although the threshold ¢g population required to maintain their pollinators is particularly high in these monoecious ¢gs, because of their intermittent fruiting, pollinators disperse long distances so populations are connected over very wide areas (Nason et al. 1996) . When pollinators became locally extinct in Florida ¢g populations following Hurricane Andrew, they were available almost immediately after the initiation of new crops, as in LHNP (Bronstein & Hossaert McKey 1995) . These monoecious ¢gs were also all large hemi-epiphytes and may be pre-adapted to drought as they often su¡er acute water stress during their young epiphytic phase (Holbrook & Putz 1996) . This is partly supported by the fact that none of the trees lost their leaves. By contrast, dioecious ¢gs tend to be small pioneers, in open habitats, or climbers, and are clearly prone to drought conditions. There is also some evidence that wasp dispersal is limited but that they stabilize the pollinator populations by more frequent fruiting and/or greater crop asynchrony (Corlett 1987 (Corlett , 1993 Kameyama et al. 1999) .
In the dioecious ¢gs it is possible that local extinction of pollinating wasps followed by a gradual recolonization from una¡ected areas has occurred previously in Borneo, whenever there have been severe droughts. However, two worrying aspects need to be considered.
First, the 1997^1998 ENSO event and the drought it induced are the strongest yet recorded, and if the predictions of worsening and more frequent droughts (Meehl 1997; Guilderson & Schrag 1998; Timmermann et al. 1999) are borne out it does not bode well for dioecious ¢gs or the organisms dependent upon them.
Second, recent forest fragmentation may also have played a role as LHNP, like most remaining forest in the region, is a small patch (6500 ha) amongst scrubby secondary forest and palm plantations. Although the densities of dioecious ¢gs, as pioneer plants, are often very high in the secondary forest (Corner 1988; R. D. Harrison, unpublished data) , the higher surface run-o¡ and open canopy exacerbate drought conditions (Whitmore 1984) . Over large areas, reduced evapotranspiration may even disrupt local climatic cycles leading to lower precipitation (Salati et al. 1986 ). For example, in Kuala Belalong, Brunei, where there are still signi¢-cant areas of intact forest (450 000 ha), the e¡ects of drought were less severe, with monthly rainfall never dropping below 100 mm (¢gure 1). Signi¢cantly, in at least one species of dioecious ¢g at this site the pollinator wasps did not become extinct, although pollination rates were low (E. Jousselin, personal communication). Hence, it is possible that large areas of forest mitigated against droughts in the past. Furthermore, even if, as one would expect, most of these pollinator populations gradually recover from areas not a¡ected by the drought, the impact on the vertebrate dispersers will be worsened by the small size and isolation of the remaining forest fragments.
Much of the considerable discussion about species conservation and extinction has concentrated on the viability of di¡erent population sizes (e.g. Soule & Wilcox 1980) , especially of large rare species with high emotive value. However, in this case the local extinction of several extremely common species occurred when a single catastrophic event simply precluded reproduction for a period longer than the life span of an individual. Species with such brief life spans may not have so much apparent worth for conservation but if, as seen here, this also leads to the disruption of keystone interactions upon which vertebrate populations depend, then a gradual erosion of biodiversity can be expected. 
